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Abstract
Ericoid mycorrhizal fungi (ERM) may specialize in capturing nutrients from their
host’s litter as a strategy for regulating nutrient cycles in terrestrial ecosystems. In
spiteoftheirpotentialsigniﬁcance,weknowlittleaboutthestructureofERMfungal
communities and the genetic basis of their saprotrophic traits (e.g., genes encoding
extracellularenzymes).RhododendronmaximumisamodelERMunderstoryshrub
that inﬂuences the nutrient cycles of montane hardwood forests in the southern
Appalachians(NorthCarolina,USA).WesampledERMrootsofR.maximumfrom
organic and mineral soil horizons and identiﬁed root fungi by amplifying and se-
quencing internal transcribed spacer (ITS) ribosomal DNA (rDNA) collected from
cultures and clones. We observed 71 fungal taxa on ERM roots, including known
symbionts Rhizoscyphus ericae and Oidiodendron maius, putative symbionts from
the Helotiales, Chaetothyriales, and Sebacinales, ectomycorrhizal symbionts, and
saprotrophs.SupportingtheideathatERMfungiareadeptsaprotrophs,richnessof
root-fungiwasgreaterinorganicthaninmineralsoilhorizons.Tostudythegenetic
diversity of oxidative enzymes that contribute to decomposition, we ampliﬁed and
sequenced a portion of genes encoding multicopper oxidases (MCOs) from ERM
ascomycetes. Most fungi possessed multiple copies of MCO sequences with strong
similarities to known ferroxidases and laccases. Our ﬁndings indicate that R. max-
imum associates with a taxonomically and ecologically diverse fungal community.
The study of MCO gene diversity and expression may be useful for understanding
how ERM root fungi regulate the cycling of nutrients between the host plant and
the soil environment.
Introduction
Soil microorganisms are largely responsible for the recycling
of nutrients within terrestrial ecosystems (van der Heijden
etal.2008).Root-associatingfungisuchasmycorrhizalsym-
bionts can acquire nutrients directly from soil organic mat-
ter yet they vary widely in their ability to do so (Read et al.
2004).Emergentpatternsamongthetypesofmycorrhizalas-
sociations suggest a functional relationship between the leaf
litter traits of plant hosts and the nutrient-acquiring traits
of their fungal symbionts. Across the mycorrhizal types ar-
buscular mycorrhizas (AM), ectomycorrhizas (ECM), and
ericoid mycorrhizas (ERM), there is a decline in the
decomposability of leaf litter from the plant host (Cornelis-
sen et al. 2001) and a concomitant increase in the ability of
the host’s mycorrhizal symbionts to obtain nutrients from
organic substrates (i.e., saprotrophy) (Read et al. 2004 and
references therein). These patterns suggest that mycorrhizal
fungifacilitatenutrientfeedbacksbetweenplantsandsoilsby
specializing in nutrient acquisition from the soils promoted
by their host.
ERM plants operate at one end of this functional
spectrum. Ericaceous plants produce polyphenol-rich leaf
litter that leads to accumulations of organic matter and re-
calcitrant forms nitrogen (N) in soils (Read et al. 2004).
These leaf litter traits are complemented by the saprotrophic
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nature of ERM fungi. In pure culture, ERM fungi produce a
broadsuiteofextracellularenzymes(e.g.,phosphatases,pro-
teases,cellulases,andpolyphenoloxidases)thatcontributeto
decomposition and nutrient acquisition (Read et al. 2004).
Of this group, polyphenol oxidases may be of particular sig-
niﬁcance, as they can facilitate the release of complexed-N
from the organic matter that accumulates under ERM hosts
(Bending and Read 1996, 1997). Although ERM hosts are
distributed worldwide (Kron and Lutyen 2005), they often
persist in ecosystems dominated by ECM and AM hosts (i.e.,
temperate and boreal forests; Read et al. 2004). If ERM hosts
create pools of soil nutrients that are accessible to their own
fungal symbionts but are less available to the AM and ECM
fungi of neighboring plants, the mechanisms behind this are
central to our knowledge of nutrient partitioning and bio-
geochemical cycling. In spite of the intriguing relationship
between the traits of ERM host leaf litter and ERM fungi,
we lack speciﬁc knowledge about the fungal assemblages on
ERM roots and how these fungi acquire nutrients from or-
ganic matter.
The identities of ERM fungi have remained enigmatic for
a variety of reasons. Not only are ERM fungi challenging to
identify because they lack conspicuous fruiting bodies, but
also these fungi are ﬁnely distributed within hair roots and
are not universally culturable (Perotto et al. 2002; Allen et al.
2003). Oidiodendron maius and members of the Rhizoscy-
phus ericae complex are frequently cultured from roots of
ERMhosts;however,directmolecularevidenceindicatesthat
these fungi are not dominants of ERM fungal communities
(Allenetal.2003;BougoureandCairney2005a).Infact,taxa
from the Sebacinales were the most frequently cloned fungi
from ERM roots of Gaultheria shallon (Allen et al. 2003)
and were ubiquitous in roots of ericaceous shrubs across the
globe (Selosse et al. 2007). Several unknown fungi have been
repeatedly observed on ERM roots (Bougoure and Cairney
2005a, b) leading to questions about the functional role of
these diverse root fungi.
Direct evidence for how ERM fungi promote nutrient ac-
quisition from organic matter is also limited. The ability of
ERM fungi to oxidize polyphenols may be a key mecha-
nism for releasing N from the polyphenol-rich organic mat-
ter that accumulates under ERM hosts. Polyphenol oxidases
or multicopper oxidases (MCOs) are a diverse group of
enzymes including laccases, L-ascorbate oxidases, and fer-
roxidases (Hoegger et al. 2006). Only the two well-studied
species of ERM fungi (O. maius and R. ericae)h a v eb e e n
tested to produce MCOs in pure culture (Bending and Read
1997)and thereis no geneticinformationaboutMCOs from
ERM fungi. Of MCOs, laccases may be particularly impor-
tant for the decomposition of organic matter (Lyons et al.
2003; Kellner et al. 2007). The abundance of MCO genes and
their diversity among ERM root-fungi could provide a valu-
able genetic perspective about how ERM fungi contribute to
decomposition processes and nutrient acquisition for their
hosts (Read and Perez–Moreno 2003).
Here, we examine fungi and their MCO genes from ERM
roots of Rhododendron maximum in a southern Appalachian
hardwood forest. Rhododendron maximum is a model ERM
plant species because it is common in the forest understory
(Monk et al. 1985), produces recalcitrant leaf litter (Hunter
etal.2003),andhasamarkedinﬂuenceonplantcommunity
composition (Baker and Van Lear 1998; Lambers and Clark
2003) and patterns of soil carbon and N cycling (Boettcher
and Kalisz 1990; Wurzburger and Hendrick 2007). We pre-
viously demonstrated that ERM roots of R. maximumcan
acquire more of the recalcitrant N derived from its leaf
litter than can ECM and AM roots of neighboring plant
species (Wurzburger and Hendrick 2009). We have also ob-
served elevated activities of extracellular MCOs in soils un-
der R. maximum, suggesting that ERM fungi are producing
these enzymes and directly contributing to decomposition
(Wurzburger and Hendrick 2007). These observations lead
to questions about the fungal assemblages on ERM roots of
R. maximum and the diversity of MCO genes among these
fungi.
We ﬁrst sought to document the composition of fungi
associating with ERM roots of R. maximum and how the
fungal community differs between organic and mineral soil
horizons. Since southern Appalachianforests are remarkably
species-rich in plants (Hardt and Swank 1997) and ECM
fungi (Walker et al. 2005), we hypothesized that a taxonom-
ically rich ERM fungal community associates with R. maxi-
mum. Because of the saprotrophic nature of ERM fungi, we
hypothesizedthatthefungalrichnessonERMrootswouldbe
greater in organic than in mineral soil horizons. Our second
objective was to characterize MCO gene sequences from the
fungiweculturedfromERMroots.Weusedfungalculturesto
screen for MCO genes, allowing us to link the identity of the
fungus to MCO gene sequences. Since we previously docu-
mentedelevatedextracellularMCOactivitiesinR.maximum
soils(WurzburgerandHendrick2007),wehypothesizedthat
ERM fungi would possess multiple copies of MCOs, includ-
ing a number of putative laccases.
Materials and Methods
We collected root samples in four (4 × 4m 2) replicate plots
in R. maximum L. thickets of mature hardwood forests along
ahighelevation(c.1450m)ridgeinCoweetaHydrologicLab
andNantahalaNationalForest,NorthCarolina,USA.Rhodo-
dendron maximum is anevergreenshrub with sclerophyllous
foliage that forms dense thickets (up to 34 Mg/ha in above-
ground biomass; Baker and Van Lear 1998) that spread by
layeringandrootsprouts(Monketal.1985).Theseforestsare
characterized by northern hardwood species Quercus rubra
L., Betula lenta L., B. alleghaniensis Britt., Acer rubrum L.,
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and Fraxinus americana L. Soils are inceptisols derived from
igneous and metamorphic rock. The average annual temper-
ature is 9.4◦C and the average annual precipitation is 250 cm
(Swift et al. 1988).
Culturing fungi from ERM roots
I no r d e rt oc h a r a c t e r i z et h eb r o a da s s e m b l a g eo ff u n g ic o l o -
nizing ERM roots, we cultured and cloned root fungi from
ERM roots. Pure cultures of ERM root-fungi also provided
a means to screen individual genomes for MCO genes. We
collected R. maximum ERM hair roots from the O horizon
from each plot in both spring and late summer. Hair roots
were cleaned under a dissecting microscope, inspected for
colonization of fungi, and rinsed with sterile water. From
each sample, 20–30 1-cm root sections, (222 root sections in
total), were surface sterilized, plated on potato dextrose agar,
andmaintainedinthedarkat19◦C(Allenetal.2003).Wedis-
carded cultures dominated by rapidly growing, sporulating
fungi.GenomicDNAwasextractedfromeachfungalculture
using Qiagen DNeasy Plant Mini Kit (Valencia, CA). The
ribosomal DNA (rDNA) internal transcribed spacer (ITS)
region(ITS1,5.8SrDNAgene,andITS2)wasampliﬁedfrom
eachDNApreparationwithfungalspeciﬁcprimersITS4and
ITS1-F (White et al. 1990; Gardes and Bruns 1993). In or-
der to pare down the number of samples to sequence, ITS
productsweretypedbyrestrictionfragmentlengthpolymor-
phisms (RFLP) using HinfI and AluI (New England Biolabs,
Ipswich, MA), and ampliﬁed products from each RFLP type
were sequenced in both directions.
Cloning fungal ITS products from ERM roots
In late summer, we randomly sampled three 10-cm deep
and 2-cm-diameter soil cores from each plot under thickets
of R. maximum. The distinctive nature of ERM hair roots
(<0.1-mm diameter) relative to ﬁne roots of ECM and AM
roots of canopy trees (0.1- to 0.5-mm diameter) provides a
visual means to sort ERM hair roots of R. maximum from
other plant species. In addition, herbaceous plant species,
suchasgrasses,arelackingfromthicketsofR.maximum.F or
further veriﬁcation, a subset of root samples was veriﬁed for
ERMrootstructure(thelackofroothairsandthepresenceof
hyphal coils in root cortical cells) under a compound micro-
scope.Underadissectingmicroscope,hairrootswerecleaned
ofsoilandorganicmaterialusingaﬁnebrushandrinsedwith
steriledeionizedwater.Arootsampleconsistedof10–20root
fragments(1cminlength)fromtheOandAhorizonofeach
core. After lyophilizing roots and extracting DNA, we ampli-
ﬁed the rDNA and ITS region (as above). ITS products were
visualized on 2% agarose gels, puriﬁed with Column-Pure
DNA Gel Recovery kits (Lamda Biotech, St. Louis, MO), and
cloned into the pCR2.1 vector with the TOPO TA Cloning
Kit (Invitrogen, Carlsbad, CA). From each sample, we puri-
ﬁed plasmid DNA from 20–30 Escherichia coli colonies using
lithiumchlorideminipreps(Ausubeletal.1998).Plasmidin-
serts were ampliﬁed using M13For/Rev primers, and RFLP-
typed using HinfI and AluI and one clone per RFLP type
per core was sequenced. Plasmid DNA from each RFLP-type
waspuriﬁedusingQiagenPlasmidminipreppuriﬁcationkits
and sequenced in both directions. Sequences were aligned
using SeqMan software (DNASTAR Madison, WI) and small
subunit (SSU) Group I introns (Perotto et al. 2000) were re-
moved. Sequences with at least 97% identity were assigned
to the same sequence type (O’Brien et al. 2005). BLAST nu-
cleotide searches (Altschul et al. 1997) against the GenBank
nucleotide database (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
wereconductedtodeterminetaxonomicafﬁnities.Thefungal
class that captured all the top BLAST hits was used as a puta-
tiveclassiﬁcationforeachfungaltaxon.Taxawereclassiﬁedto
phylumifthe5.8sandatleasthalfoftheITS1orITS2regions
provided similarity with known sequences. In several cases,
unknown,unculturedfungidominatedtheBLASThitsmak-
ing classiﬁcation problematic. Chimeric sequences, an arti-
fact of cloning DNA from environmental samples (O’Brien
et al. 2005), were identiﬁed when the ITS1 and ITS2 regions
differed in their taxonomic identity and excluded from the
analysis.
Fungal community structure and richness
We estimated fungal richness in the O and A horizons us-
ing EsimateS software from the frequency of cloned ITS se-
quences from each replicate sampling plot (n = 4) (Colwell
2005). We produced taxa accumulation curves, using plot-
level data as the experimentalunit (1000 bootstrap replicates
with replacement using the Chao1 richness estimator [Chao
2004]). The relative frequency of each fungal taxon observed
incultureandineachtheOandAsoilhorizonwascalculated
on a plot-level basis and averaged across the four plots.
MCO gene sequences
To explore the genetic diversity of MCO genes from individ-
ualfungalgenomes,weampliﬁedDNAfromculturesofERM
rootfungi,whichconsisted ofascomycetes.Weampliﬁedthe
region between copper-binding domains II and III (lcc2)o f
MCOsfromgenomicDNAofculturedfungiusingthedegen-
erate primers LAC3FOR and LAC4REV (Lyons et al. 2003).
PCR products were visualized on 2% agarose gels and bands
(0.9–1kb)werepuriﬁedandcloned(asabove).PlasmidDNA
from 10 positive clones was puriﬁed, ampliﬁed, and RFLP-
typed (as above). Clones exhibiting unique RFLP patterns
from each isolate were sequenced, and the results submit-
ted for BLASTX analysis (Altschul et al. 1997). We retained
nucleotide sequences with similarity to known MCOs (or
hypothetical proteins). Sequences from our study that were
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lessthan97%identicaltoeachotherwereconsideredunique
types. For each sequence we determined the correct reading
frame and removed introns with Augustus gene prediction
software (Stanke et al. 2004). Amino acid sequences were
entered into a BLASTP search in Genbank. MCO protein se-
quences were aligned with 70 additional ascomycetous and
basidiomycetous MCO sequences using CLUSTALX (BLO-
SUM62 cost matrix; [Larkin et al. 2007]). A maximum like-
lihood tree was constructed using PhyML (WAG substitu-
tion model; 1000 bootstrap replicates; Guindon and Gascuel
2003).
Results
Fungal ITS types
ERMrootsofR.maximumsupportarichfungalcommunity;
we observed 71 unique ITS types from our culture and clone
collection. The observed fungi were taxonomically diverse
and included members of the Ascomycota (47), Basidiomy-
cota (14), Zygomycota (1), Chytridiomycota (1), or had an
unknown identity (8). From 222 plated ERM root segments,
we isolated 52 cultures of fungi, representing 17 unique ITS
fungal taxa (Table 1). We identiﬁed 57 unique ITS fungal
taxa from 352 screened fungal ITS clones (Table 1). Of 12
soil cores of the O and A horizon, we successfully ampli-
ﬁed fungal DNA from 11 root samples from the O horizon,
and although nine of 12 soil cores possessed ERM roots in
the A horizon, only ﬁve of those samples provided us with
ampliﬁed DNA. On average, we screened 25 clones per root
sample from which we obtained an average of 20 fungal ITS
products.Theremainingclonescontainednoplasmidinsert,
an R. maximum ITS insert, or provided no sequence data
afterrepeatedattempts.WeobservedthreeclonedfungalITS
types among the cultured fungi. Four chimeric sequences
were excluded from our analysis. Eight sequences among the
71 possessed poor matches to those in Genbank could not be
assigned to a phylum or reliably screened for chimeras. ITS
sequencesareavailableinGenbankunderaccessionnumbers
HM030566–HM030635.
Relative frequency of fungal taxa
O u rc o l l e c t i o no fc u l t u r e df u n g iw a sd o m i n a t e db yc 3 2a n d
c80, related to O. maius and a Cryptosporiopsis sp., respec-
tively, which were observed from all four of the sampling
plots. The remaining taxa were each observed from only one
samplingplot(Table1).In theclonecollection,themostfre-
quent fungal ITS type, c1 (related to R. ericae)a c c o u n t e df o r
12%and16%ofthesampledclonesintheOandAhorizons,
respectively (Table 1). The four next most frequent taxa in-
cluded c13, c74, c2, and c6 from the Sebacinales, Helotiales,
and Chaetothyriales.
Richness of ERM root fungi by soil horizon
We observed greater fungal richness on ERM roots in the O
horizon (48 ITS types) than in the A horizon (23 ITS types).
Since fungal ITS clones were not evenly sampled between
horizons(228vs.124intheOandAhorizon,respectively),we
generatedtaxarichnesscurvesusingplot-leveldatarevealing
a signiﬁcantly greater rate of taxa accumulation in the O
versus A soil horizon (Fig. 1).
Ascomycete MCO sequences
Weobserved28uniquesequences(fromthelcc2region)from
the 17 cultures of ascomycetes (Table 2). Each taxon con-
tained one to four MCO sequence types; the only MCO se-
quenceweobtainedfromisolatec80wassubstantiallyshorter
thantheothersandwasexcludedfromphylogeneticanalysis.
MCOgenesequenceswerediverseandpossessedmoderateto
strongaminoacidsequencesimilarities(55–85%)withprevi-
ously identiﬁed MCO sequences of ascomycetes. Two fungal
taxa(c14–1andc61–1)possessednearlyidenticalproteinse-
quences (90%), yet were classiﬁed in the Leotiomycetes and
Sordariomycetes, respectively, based on their ITS sequences.
In addition, c60–1 (Sordariomycetes) was 85% similar to a
previously published MCO sequence from Pleospora sparti-
nae (strain SAP146), a saprotroph in the Dothidiomycetes
(Lyons et al. 2003). From maximum likelihood analysis, our
MCO sequences of ERM root fungi clustered into two main
clades, and all the sequences of our analysis formed three
clades (Fig. 2). Six MCO sequences from our study grouped
in the ferroxidase clade and 22 grouped in the laccase clade;
three taxa contained sequences in both clades.
Discussion
A rich and taxonomically diverse fungal community asso-
ciates with ERM roots of R. maximum. Our ﬁndings con-
tribute to a growing body of evidence from North America,
Australia, and Europe, that ERM roots associate with fun-
gal assemblages that are richer than what was previously
observed using culture-based methods (Allen et al. 2003,
BougoureandCairney2005a,b;Bougoureetal.2007;Selosse
et al. 2007). Not only did we identify the classical ERM sym-
bionts (e.g., R. ericae and O. maius; Read et al. 2004), we
also observed several putative ERM symbionts, as well as
documented ECM symbionts and saprotrophs. These ﬁnd-
ings on the broad composition of ERM root-fungi raise new
questions aboutthefunctionaldiversity ofthesefungalcom-
munities.
We observed several taxa with strong identities to previ-
ously observed ERM-root-fungi. A Cryptosporiopsis taxon
represented 10% of our culture collection and possessed
strong similarity to Cryptosporiopsis ericae.T h i sg e n u sc o n -
tains common root endophytes of oak and ericaceous plants
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Figure 1. Taxa accumulation curves for ericoid
mycorrhizal (ERM) root fungi in the O or A soil
horizon. Chao1 richness values (and standard
deviations) estimated from 1000 bootstrap
replicates of the observed richness of internal
transcribed spacer (ITS) sequence types from each
sampling plot.
in Europe (Sigler et al. 2005 and references therein), but has
been reported as an infrequent taxon in ERM hosts of North
America and Asia (Allen et al. 2003; Sigler et al. 2005; Zhang
et al. 2009). We observed four taxa from the Chaetothyri-
ales (Eurotiomycetes), together representing 25% and 3% of
the sampled clones in the O and A horizons, respectively.
F u n g if r o mt h eC h a e t o t h y r i a l e sh a v eb e e no b s e rv e do nE R M
roots in western Canada (Allen et al. 2003), Italy (Bergero
et al. 2003), Australia (Bougoure and Cairney 2005b), and
Scotland (Bougoure et al. 2007), and while they colonize
ERM root cortical cells in resynthesis trials, their effect on
plant growth and nutrition is unknown (Bergero et al. 2000;
Allenetal.2003).AnothergroupofputativeERMsymbionts
belongs to the newly deﬁned order Sebacinales (Agaricomy-
cotina), which are commonly cloned from roots of many
plant species but have not been successfully cultured (Allen
etal.2003;Selosseetal.2007;Weiβ etal.2011).Sebacinalean
fungi were present in 31% of root samples collected from
ericaceous plants worldwide (Selosse et al. 2007), accounted
for nearly 60% of fungal clones from G. shallon ERM roots
(Allen et al. 2003) and accounted for 19% and 6% of fungal
ITSclonesfromR.maximumERMrootsintheOandAhori-
zon, respectively (this study). Therefore, many similarities in
the composition of ERM root fungi have emerged from the
handfulofstudiesutilizingmolecularmethodsinspiteofthe
fact they have been conducted from disparate parts of the
globe.
We also observed several taxa that are closely related to
ECM fungi including Cenococcum geophilum and others in
Elaphomyces, Tomentella, Scleroderma and Russulaceae. Pre-
viousresearchhasdescribedthecolonizationofERMrootsby
ECMfungi(Smithetal.1995),theappearanceoffungalman-
t l e so nE R Mr o o t so fR. maximum (Dighton and Coleman
1992),aswellassimultaneouscolonizationofERMandECM
roots by a single mycelium of Cadophora sp. (Villareal–Ruiz
et al. 2004). Similar to the observations of Bougoure et al.
(2007), we found that ECM taxa accounted for one-third of
thesampledroot-clonesbelongingtotheBasidiomycota,and
in our study, ascomycetous and basidiomycetous ECM taxa
together represented 9% and 3% of the observed root fungi
in the O and A horizon. Although it is unknown if ECM
fungi play an important functional role when associating
withERMroots,therepeateddocumentationofECMfungal
taxa on ERM roots certainly warrants further investigation.
WecomparedtheERMfungalcommunitybetweentheor-
ganic and upper mineral soil horizons. Consistent with our
expectation, we observed greater fungal richness on roots in
organic than in mineral soil horizons, suggesting that ERM
root fungi are favored in organic substrates. The relative fre-
quencies of some fungal groups indicate a preference for one
horizon over the other. For example, taxa from the Basid-
iomycota were sampled more frequently from the organic
than from the mineral soil horizon (28% vs. 9%; paired t-
test p = 0.03), while taxa from Leotiomycetes tended to be
more frequent in the mineral than the organic soil horizon
(61%vs.29%;pairedt-testp=0.09).Interestingly,taxawith
strong identities to R. ericae and O. maius, well-described
ERM symbionts, were cloned from both soil horizons at fre-
quencies that were not signiﬁcantly different (paired t-tests,
p = 0.70 and p = 0.74, respectively). Since several known
saprotrophicfungiwereobservedonERMrootsinourstudy
(e.g., c48, c57, c63, c81, and c83, S´ anchez–Ballesteros et al.
2000; Nikolcheva et al. 2003; Crous et al. 2006; Fern´ andez
et al. 2006; Han and Shin 2007), it is possible that we am-
pliﬁed fungi from soil particles despite our attempts to re-
move debris adhering to the sampled roots. Alternatively, if
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Table 2. Multicopper oxidase gene sequence types and their closest BLASTX matches from cultured ascomycetes from R. maximum roots.
MCO type
Closest BLASTX gene product (% iden-
tity/% similarity) Length (nt) E-value
Closest BLAST match (ITS) from Table
1
c7 1 Laccase-3, Paracoccidioides brasiliensis
Pb01 (47/61)
930 1e–69 Phialophora ﬁnlandia strain CBS
444.86 (AF486119)
c7 2 Putative ferrooxidoreductase Fet3, Ta-
laromyces stipitatus ATCC 10500
(70/84)
927 1e–129
c14 1 Laccase I, Chaetomium thermophilum
var. thermophilum (70/79)
925 7e–123 Dermea viburni (AF141163)
c14 2 Laccase 3, Cryphonectria parasitica
(60/72)
904 2e–100
c14 3 Laccase 3, Cryphonectria parasitica
(66/79)
915 2e–108
c14 4 Laccase, Botryotinia fuckeliana (44/61) 907 1e–36
c32 1 Lcc4, Fusarium oxysporum (55/73) 905 7e–84 Oidiodendron maius strain UAMH
8921 (AF062800)
c32 2 laccase 3, Cryphonectria parasitica
(52/68)
855 7e–67
c57 1 Lcc4, Fusarium oxysporum (68/82) 898 4e–110 Hypoxylon perforatum isolate M4
(FJ464593)
c60 1 Laccase, Pleospora spartinae (84/85) 859 3e–133
c60 2 Lcc3, Fusarium oxysporum (55/66) 933 9e–89 Chloridium virescens strain
ICMP15193 (EF029220)
c61 1 Laccase I, Chaetomium thermophilum
var. thermophilum (63/72)
909 1e–103 CSP279468 Chaetomium sp.
6/97–38 (AJ279468)
c63 1 Laccase, Melanocarpus albomyces
(57/71)
916 1e–99 Xylaria persicaria strain F-165,174
(AY909022)
c81 1 Iron transport multicopper oxidase
FET3,MicrosporumcanisCBS113480
(47/64)
772 2e–57 Articulospora tetracladia strain F-
4494 (EU998918)
c81 2 Laccase-3, Paracoccidioides brasiliensis
Pb01 (54/66)
926 4e–51
c82 1 Laccase-3, Paracoccidioides brasiliensis
Pb01 (45/60)
937 3e–57 Phialophora ﬁnlandia strain CBS
444.86 (AF486119)
c83 1 Lcc4, Fusarium oxysporum (67/78) 914 5e–85 Fulvoﬂamma eucalypti strain CPC
11243 (DQ195779)
c84 1 Laccase, Xylaria polymorpha (53/69) 897 5e–87 Monochaetia camelliae (AF377286)
c84 3 Laccase, Xylaria polymorpha (48/63) 910 1e–68
c85 1 Laccase, Gaeumannomyces graminis
var. tritici (50/69)
939 8e–88 Glomerella acutata strain
DAOM214992 (EU400154)
c86 1 Lcc4, Fusarium oxysporum (67/78) 918 4e–103 Pilidium acerinum voucher BPI
843555 (AY487091)
c87 2 Laccase, Gaeumannomyces graminis
var. graminis (36/55)
868 2e–41 Massarina corticola (AF383957)
c87 3 Lcc4, Fusarium oxysporum (67/78) 905 4e–126
c88 1 Putative ferrooxidoreductase Fet3, Ta-
laromyces stipitatus ATCC 10500
(58/70)
934 2e–97 Ophiostoma dentifundum strain
CMW13016 (AY495434)
ERM roots associate with a broad spectrum of soil fungi, the
patterns of fungal richness we observed in ERM roots may
be driven by the richness of soil fungi, which tends to de-
cline from organic to mineral horizons (O’Brien et al. 2005).
ECM fungi, saprotrophs and endophytes have been repeat-
edly documented to colonize ERM roots (Allen et al. 2003;
Bougoure & Cairney 2005; Selosse et al. 2007; Vohn´ ık et al.
2007;Zhangetal.2009)providingfurthersupportthatERM
roots associate with a variety of soil fungi. These root–fungal
associations may not all represent mycorrhizal symbioses in
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Figure 2. Maximum likelihood tree of multicopper oxidase amino acid sequences generated using PhyML (WAG substitution model; 1000 bootstrap
replicates). Previously submitted sequences used in the alignment are identiﬁed by their accession number; sequences generated in this study are
identiﬁed in Table 2. Phylogenetic assignment of each sequence is indicated by a solid- (known sequences) or dashed-lined (clone sequences from this
study) box; Sordariomycetes (blue), Dothideomycetes (red), Saccharomycetes (yellow), Eurotiomycetes (green), Leotiomycetes (purple), Pezizomycetes
(orange), Agaricomycetes (pink), and unclassiﬁed Ascomycota (black). Values at nodes correspond to bootstrap support in %, only values >50% are
shown. Vertical lines mark three clades: dotted line = ascomycete laccases; dashed line = ferroxidases; solid line = basidiomycete laccases. Scale bar:
substitutions per site.
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a strict sense, but they may still provide indirect beneﬁts to
the plant host by promoting decomposition and the release
of nutrients from organic matter.
FromourculturecollectionofERM-root-ascomycetes,we
isolated at least one, and as many as four, unique MCO se-
quence types per taxon. Multiple copies of MCOs are com-
mon among fungi and may be the result of initial duplica-
tion events followed by evolution (Valderrama et al. 2003).
MCOs perform a variety of important functions including
lignin degradation (Leonowicz et al. 2001), tissue develop-
ment, and melanin biosynthesis (Hoegger et al. 2006). From
ourphylogeneticanalysis,MCOsfromERMroot-associating
ascomycetes did not group strictly by taxonomy, but rather,
theyclusteredintwodistinctcladesrepresentingferroxidases
and laccases. Some ferroxidases are membrane-bound pro-
t e i n si n v o l v e di ni r o nu p t a k ea n dc e l l u l a rh o m e o s t a s i s( D e
Silva et al. 1995); however, a number of the sequences in this
cladeareobservedfromgenomicDNAandarenotfunction-
ally deﬁned. Among MCOs, laccases are likely to be func-
tionally important for decomposition processes in soils and
to aid in releasing nutrients from organic matter (Leonowicz
et al. 2001; Kellner et al. 2007).
The laccase clade of our phylogenetic tree contains
sequences coding for laccase from ascomycetous plant
pathogens and terrestrial and aquatic saprotrophs from pre-
vious studies. Twenty-two MCO sequences from 13 of our
culturedERM-root-fungigroupedcloselyamongthesechar-
acterizedlaccasesequences.WeobservedtwocopiesofMCO
gene sequences from O. maius (c32 in our study), one of
whichgroupedcloselytoatannicacidinduciblelaccasefrom
Cryphonectria parasitica (AAY9971; Chung et al. 2008). Cul-
tures of O. maius have been veriﬁed to oxidize polyaromatic
substrates (Bending and Read 1997) and produce extracellu-
lar polyphenol oxidases (Thormann et al. 2002). Other well-
studied sequences from the laccase clade represent extracel-
lular laccases from the saprotroph Verpa conica (CAK30043)
and the ECM fungus Morchella conica (CAK30044) whose
expressions were inducible by a phenolic compound (Kell-
ner et al. 2007). Whether any of the diverse ERM root-
fungi observed in our study are proliﬁc producers of ex-
tracellular laccases is an unanswered and critical question.
Although the function of these MCO gene sequences is
not veriﬁed, they provide a means for further exploration
of MCO diversity and expression among ERM root-fungi.
This genetic approach could be useful for broadening our
view of how ERM root-fungi, particularly those that are
not classical symbionts, provide indirect beneﬁts to host
plantsandcontributetobiogeochemicalcyclinginterrestrial
ecosystems.
ERM roots of R. maximum associate with a taxonomically
and ecologically diverse assemblage of fungi. To date, only
two veriﬁed ERM symbionts (or species complexes; R. eri-
cae and O. maius) are known, and representatives of both
groups were sampled in this study. We also observed a num-
ber of putative ERM symbionts, ECM symbionts, and sapro-
trophsthathavebeenrepeatedlyobservedonERMrootsfrom
around the world (Allen et al. 2003, Bougoure and Cairney
2005a, b; Selosse et al. 2007; Bougoure et al. 2007). The sig-
niﬁcance of many of these relationships for the host plant
remains largely unexplored. Since the saprotrophic ability of
root-fungi is presumed to be a more crucial functional trait
for ERM hosts than for ECM and AM hosts (Read et al.
2004), testing the ability of ERM root-fungi to produce ex-
tracellular enzymes may provide a mechanistic approach to
understanding how they contribute to decomposition. We
observed a number of MCO gene sequences from ascomyce-
tousERMroot-fungithatgroupcloselywithknownlaccases.
The ability of ERM root-fungi to produce these oxidative
enzymes may be a key mechanism for ERM plants to ac-
quire nutrients from the organic-rich soils in which they
persist.
Acknowledgments
WearegratefultoS.Covertfortheuseoflaboratoryfacilities
andguidanceonthisresearch.WethankK.Huntforherassis-
tance with phylogenetic techniques and J. Lyons for the pro-
tocolfortheampliﬁcationofMCOgenesequences.Wethank
all members of Rich Shefferson’s Lab and four anonymous
reviewers for constructive comments on the manuscript.
References
Allen, T. R., T. Millar, S. M. Berch, and M. L. Berbee. 2003.
Culturing and direct DNA extraction ﬁnd different fungi from
the same ericoid mycorrhizal roots. New Phytol. 160:255–272.
Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang,
W. Miller, and D. J. Webb. 1997. Gapped BLAST and PSI
BLAST: a new generation in protein database search programs.
Nucleic Acids Res. 25:3389–3402.
Ausubel, F. M., R. Brent, and R. E. Kingston. 1998. Current
protocols in molecular biology. John Wiley & Sons, Inc. New
York.
Baker, T. T., and D. H. Van Lear. 1998. Relations between density
of rhododendron thickets and diversity of riparian forests. For.
Ecol. Manage. 109:21–32.
Bending, G. D., and D. J. Read. 1996. Nitrogen mobilization from
protein-polyphenol complex by ericoid and ectomycorrhizal
fungi. Soil Biol. Biochem. 12:1603–1612.
Bending, G. D., and D. J. Read. 1997. Lignin and soluble phenolic
degradation by ectomycorrhizal and ericoid mycorrhizal fungi.
Mycol. Res. 11:1348–1354.
Bergero, R., S. Perotto, M. Girlanda, G. Vidano, and A. M. Luppi.
2000. Ericoid mycorrhizal fungi are common root associates of
a Mediterranean ectomycorrhizal plant (Quercus ilex). Mol.
Ecol. 9:1639–1949.
c   2011 The Authors. Published by Blackwell Publishing Ltd. 77Ericoid Root Fungi and Multicopper Oxidases N. Wurzburger et al.
B e r g e r o ,R . ,M .G i r l a n d a ,F .B e l l o ,A .M .L u p p i ,a n dS .P e r o t t o .
2003. Soil persistence and biodiversity of ericoid mycorrhizal
fungi in the absence of the host plant in a Mediterranean
ecosystem. Mycorrhiza 13:69–75.
Boettcher, S. E., and P. J. Kalisz. 1990. Single-tree inﬂuence of soil
properties in the mountains of eastern Kentucky. Ecology 71:
1365–1372.
Bougoure, D. S., and J. W. G. Cairney. 2005a. Assemblages of
ericoid mycorrhizal and other root-associated fungi from
Epacris pulchella (Ericaceae) as determined by culturing and
direct DNA extraction from roots. Environ. Microbiol.
7:819–827.
Bougoure, D. S., and J. W. G. Cairney. 2005b. Fungi associated
with hair roots of Rhododendron lochiae (Ericaceae) in an
Australian tropical cloud forest revealed by culturing and
culture-independent molecular methods. Environ. Microbiol.
7:1743–1754.
B o u g o u r e ,D .S . ,P .I .P a r k i n ,J .W .G .C a i r n e y ,I .J .A l e x a n d e r ,a n d
I. C. Anderson. 2007. Diversity of fungi in hair roots of
Ericaceae varies along a vegetation gradient. Mol. Ecol.
16:4624–4636.
Chao, A. 2004. Species richness estimation. in N. Balakrishnan,
C. B. Read, and B. Vidakovis, eds. Encyclopedia of statistical
sciences. Wiley, New York.
C h u n g ,H .J . ,B .R .K w o n ,J .M .K i m ,S .M .P a r k ,J .K .P a r k ,B .J .
Cha, M. S. Yang, and D. H. Kim. 2008. A tannic acid-inducible
and hypoviral-regulated Laccase3 contributes to the virulence
of the chestnut blight fungus Cryphonectria parasitica.M o l .
Plant Microbe. Interact. 12:1582–1590.
Colwell, R. K. 2005. EstimateS: Statistical estimation of species
richness and shared species from samples. Version 7.5 User’s
guide and application. Available at http://viceroy.eeb.
uconn.edu/estimates.
Cornelissen, J. H. C., R. Aerts, B. Cerabolini, M. J. A. Werger, and
M. G. A. van der Heijden. 2001. Carbon cycling traits of plant
species are linked to mycorrhizal strategy. Oecologia
129:611–619.
Crous, P. W., G. J. M. Verkley, and J. Z. Groenewald. 2006.
Eucalyptus microfungi known from culture. 1. Cladoriella and
Fulvoﬂamma genera nova, with some notes on some other
poorly known taxa. Stud. Mycol. 55:53–63.
De Silva, M. D., C. C. Askwith, D. Eide, and J. Kaplan. 1995. The
FET3 gene product required for high afﬁnity iron transport in
yeast is a cell surface ferroxidase. J. Biol. Chem. 270:1098–1101.
Dighton, J., and D. C. Coleman. 1992. Phosphorus relations of
roots and mycorrhizal of Rhododendron maximum L. in the
southernAppalachians, North Carolina. Mycorrhiza
1:175–184.
Fern´ a n d e z ,F .A . ,A .N .M i l l e r ,S .M .H u h n d o r f ,F .M .L u t z o n i ,a n d
S. Zoller. 2006. Systematics of the genus Chaetosphaeria and its
allied genera: morphological and phylogenetic diversity in
north temperate and neotropical taxa. Mycologia 98:121–130.
Gardes, M., and T. D. Bruns. 1993. ITS primers with enhanced
speciﬁcity for basidiomycetes—application to the
identiﬁcation of mycorrhizae and rusts. Mol. Ecol.
2:113–118.
Guindon, S., and O. Gascuel. 2003. A simple, fast, and accurate
algorithm to estimate large phylogenies by maximum
likelihood. Syst. Biol. 52:696–704.
Han, J-G., and H.-D. Shin. 2007. New record of Xylaria
persicaria on Liquidambar fruits in Korea. Mycobiology
35:171–173.
Hardt, R. A., and W. T. Swank. 1997. A comparison of structural
and compositional characteristics of southern Appalachian
young second-growth, maturing second-growth, and
old-growth stands. Nat. Areas J. 17:42–52.
Hoegger, P. J., S. Kilaru, T. Y. James, J. R. Thacker, and U. K¨ ues.
2006. Phylogenetic comparison and classiﬁcation of laccase
and related multicopper oxidase protein sequences. FEBS J.
273:2308–2326.
Hunter, M. D., S. Adl, C. M. Pringle, and D. C. Coleman. 2003.
Relative effects of macroinvertebrates and habitat on the
chemistry of litter during decomposition. Pedobiologia
47:101–115.
Kellner, H., P. Luis, and F. Buscot. 2007. Diversity of laccase-like
multicopper oxidase genes in Morchellaceae: identiﬁcation of
genes potentially involved in extracellular laccase activities
related toplant litter decay. FEMSMicrobiol. Ecol. 61:153–163.
Kron, K. A., and J. L. Lutyen. 2005. Origins and biogeographic
patterns in Ericaceae: new insights from recent phylogenetic
analyses. Pp. 479–500 in I. Friis and H. Balselv, eds. Plant
diversity and complexity patterns: local, regional, and global.
Royal Danish Academy of Sciences and Letters pp. 479–500.
ISBN 8773043044
Lambers, J. H. R., and J. S. Clark. 2003. Effects of dispersal,
shrubs, and density-dependent mortality on seed and seedling
distributions in temperate forests. Can. J. For. Res. 33:783–795.
L a r k i n ,M .A . ,G .B l a c k s h i e l d s ,N .P .B r o w n ,R .C h e n n a ,P .A .
McGettigan, H. McWilliam, F. Valentin, I. M. Wallace, A.
Wilm, R. Lopez, et al. 2007. Clustal W and Clustal X version
2.0. Bioinformatics 23:2947–2948.
Leonowicz, A., N. -S. Cho, J. Luterek, A. Wilkolazka, M.
Wojtas-Wasilewska, A. Matuszewska, M. Hofricheter, D.
Wesenberg, and J. Rogalski. 2001. Fungal laccase: properties
and activity on lignin. J. Basic Microb. 41:185–227.
Lyons, J. L., S. Y. Newell, A. Buchan, and M. A. Moran. 2003.
Diversity of ascomycetelaccase gene sequences in a
southeastern US salt marsh. Microb. Ecol. 45:270–281.
Monk, C. D., D. T. McGinty, and F. P. Day. 1985. The ecological
importance of Kalmia latifolia and Rhododendron maximum in
the deciduous forest of the southern Appalachians. Bull.
Torrey Bot. Club. 112:187–193.
Nikolcheva, L. G., A. M. Cockshutt, and F. B¨ arlocher. 2003.
Determining diversity of freshwater fungi on decaying leaves:
comparison of traditional and molecular approaches. Appl.
Env. Microbiol. 69:2548–2554.
O ’ B r i e n ,H .E . ,J .L .P a r r e n t ,J .A .J a c k s o n ,J . - M .M o n c a l v o ,a n dR .
Vilgalys. 2005. Fungal community analysis by large-scale
78 c   2011 The Authors. Published by Blackwell Publishing Ltd.N. Wurzburger et al. Ericoid Root Fungi and Multicopper Oxidases
sequencing of environmental samples. Appl. Environ.
Microbiol. 71:5544–5550.
Perotto, S., P. Nepote-Fus, L. Saletta, C. Bandi, and J. P. W. Young.
2000. A diverse population of introns in the nuclear ribosomal
genes of ericoid mycorrhizal fungi includes elements with
sequences similarity to endonuclease-coding genes. Mol. Biol.
Evol. 17:44–59.
Perotto, S., M. Girlanda, and E. Martino. 2002. Ericoid
mycorrhizal fungi: some new perspectives on old
acquaintances. Plant and Soil 244:41–53.
Read, D. J., and J. Perez-Moreno. 2003. Mycorrhizas and nutrient
cycling in ecosystems-a journey towards relevance? New
Phytol. 157:475–492.
Read, D. J., J. R. Leake, and J. Perez-Moreno. 2004. Mycorrhizal
fungi as drivers of ecosystem processes in heathland and boreal
forest biomes. Can. J. Bot. 82:1243–1263.
S´ anchez-Ballesteros, J., V. Gonz´ alez, O. Salazar, J. Acero, M. A.
Portal, M. Juli´ an, and V. Rubio. 2000. Phylogenetic study of
Hypoxylon and related genera based on ribosomal ITS
sequences. Mycologia 92:964–977.
Selosse, M.-A., S. Setaro, F. Glatard, F. Richard, C. Urcelay, and
M. Weiß. 2007. Sebacinales are common mycorrhizal
associates of Ericaceae. New Phytol. 174:864–878.
Sigler, L., T. Allan, S. R. Lim, S. Berch, and M. Berbee. 2005. Two
new Cryptosporiopsis species from roots of ericaceous hosts in
western North America. Stud. Mycol. 53:53–62.
Smith, J. E., R. Molina, and D. A. Perry. 1995. Occurrence of
ectomycorrhizas on ericaceous and coniferous seedlings grown
in soils from the Oregon Coast Range. New Phytol. 129:73–81.
Stanke, M., R. Steinkamp, S. Waack, and B. Morgenstern. 2004.
AUGUSTUS: a web server for gene ﬁnding in eukaryotes. Nucl
Acids Res. 32:W309–W312.
Swift, L. W., G. B. Cunningham, and J. E. Douglass. 1988.
Climate and hydrology. Pp. 35–55 in W. T. Swank and D. A.
Crossley, eds. Ecological studies: forest hydrology and ecology
at Coweeta. Vol. 66. Springer-Verlag, New York.
Thormann, M. N., R. S. Currah, and S. E. Bayley. 2002. The
relative ability of fungi from Sphagnum fuscum to decompose
selected carbon substrates. Can. J. Micro. 48:204–212.
Valderrama, B., P. Oliver, A. Medrano-Soto, and R.
Vazquez-Duhalt. 2003. Evolutionary and structural diversity of
fungal laccases. A van Leeuw. 84:289–299.
van der Heijden, M. G. A., R. D. Bardgett, and N. M. van
Straalen. 2008. The unseen majority: soil microbes as drivers
of plant diversity and productivity in terrestrial ecosystems.
Ecol. Lett. 11:296–310.
Villareal-Ruiz, L., I. C. Anderson, and I. J. Alexander. 2004.
Interaction between an isolate from the Hymenoscyphus ericae
aggregate and roots of Pinus and Vaccinium.N e wP h y t o l .
164:183–192.
Vohn´ ı k ,M . ,M .F e n d r y c h ,J .A l b r e c h t o v´ a, and M. Vos´ atka.
2007. Intracellular colonization of Rhododendron and
Vaccinium roots by Cenococcum geophilum, Geomyces
pannorum and Meliniomyces variabilis. Folia Microbiol.
52:407–414.
Walker, J. F., O. K. Miller Jr, and J. L. Horton. 2005.
Hyperdiversity of ectomycorrhizal fungus assemblages on oak
seedlings in mixed forests in the southern Appalachian
Mountains. Mol. Ecol. 14:829–838.
Weiβ,M . ,Z .S´ ykorov´ a, S. Garnica, K. Riess, F. Martos, C. Krause,
F. Oberwinkler, R. Bauer, and D. Redecker. 2011. Sebacinales
everywhere: previously overlooked ubiquitous fungal
endophytes. Plos one 6:e16793.
White, T. J., T. D. Bruns, S. B. Lee, and J. W. Taylor. 1990.
Ampliﬁcation and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. Pp. 315–322 in M. A. Innis, D. H.
Gelfand, J. J. Sninsky, and T. J. White, eds. PCR protocols: a
guide to methods and applications. Academic Press, London.
Wurzburger, N., and R. L. Hendrick. 2007. Rhododendron
thickets alter N cycling and soil extracellular enzyme activities
in southern Appalachian hardwood forests. Pedobiologia
50:563–576.
Wurzburger, N., and R. L. Hendrick. 2009. Plant litter chemistry
and mycorrhizal roots promote a nitrogen feedback in a
temperate forest. J. Ecol. 97:528–536.
Zhang, C., Y. Lijuan, and D. Silan. 2009. Diversity of
root-associated fungal endophytes in Rhododendron fortunei in
subtropical forests of China. Mycorrhiza 19:417–423.
c   2011 The Authors. Published by Blackwell Publishing Ltd. 79